The activation of carboxylic acids for the formation of amides or esters is an important process usually carried out using the so-called peptide coupling reagents.
The activation of carboxylic acids for the formation of amides or esters is an important process usually carried out using the so-called peptide coupling reagents. [1] [2] [3] This is followed by the reaction with the amine moiety of another amino acid to produce the desired peptide. The effective formation of a peptide bond not only depends on the reaction rate and yield but also on the suppression of the undesired racemization and other side reactions and thus minimizes the loss of the optical integrity at the chiral center of the carboxylic component. Preventing the loss of configuration is one of the major challenges in peptide synthesis. [4] [5] [6] [7] [8] The activation of carboxylic acids using phosphonium [9] [10] [11] [12] [13] and uranium salts [14] [15] [16] [17] is a fast, reliable process. These salts are prepared from a phosphonium or uronium cation bonded generally to a XO-group, normally a hydroxylamine derivative. These salts combine the functions of activating agents with suppressing additives and were successfully introduced in peptide synthesis. 18) A common method of minimizing the loss of configuration during stepwise coupling in solution phase is to add an additive such as 1-hydroxy-benzotriazole (HOBt) to the coupling mixture. 19) Recently, 1-hydroxy-7-azabenzotriazole (HOAt) and its derived phophonium or uronium/guanidinuim salts have been described as favorable coupling additives or reagents for both solution 20) and solidphase synthesis. 21) HOAt has been reported to be more efficient than HOBt because of an anchimeric assistance effect caused by the pyridine ring. 22, 23) These compounds enhance coupling yields and reduce the loss of chiral integrity during stepwise coupling.
Esters of sulfonic acids and HOBt have been used for peptide coupling. [24] [25] [26] [27] [28] The reactivity of these sulfonate esters was shown to be directly related to the presence of electronwithdrawing substituents in both the HOBt and the sulfonic acid moieties. [29] [30] [31] [32] [33] [34] This methodology has few applications, as the coupling process depends on the basicity and reactivity of the amino component. The use of such sulfonate esters for in situ coupling was often accompanied by the formation of a sulfonamide byproduct. 24, 30) Such byproduct formation can be avoided by preactivation of the reactive carboxylic acid component.
On the other hand, the use of a preactivation step is counterproductive, since the loss of configuration at the C-terminal carboxylic acid residue directly increases with preactivation time.
35) The replacement of HOBt by HOAt was expected to reduce the extent of configurational loss, but, on the contrary, the advantages of HOAt were lost during long preactivation times. 33, 34) Oxyma (ethyl 2-cyano-2-(hydroxyimino)acetate) 4 has been tested as an additive for use in the carbodiimide approach for the formation of peptide bonds. It showed better performance than the classical HOBt and HOAt, which have recently been reported to exhibit explosive properties. Oxyma displayed a remarkable capacity to inhibit racemization, together with impressive coupling efficiency, in both automated and manual synthesis, superior to those of HOBt and at least comparable to those of HOAt. [36] [37] [38] Stability assays showed that there was no risk of capping the resin under standard coupling conditions. Oxyma can be handled with considerably lower risk than the explosive benzotriazole, as determined by calorimetric techniques. 36, 37) In the hope of suppressing the loss of chiral integrity during stepwise coupling and enhancing the coupling yield, 1-hydroxypyridin-2(1H)-one 3 and ethyl 2-cyano-2-(hydroxyimino)acetate 4 (oxyma) are used to replace HOBt 1 and HOAt 2. The reactivity of the sulphonate esters is expected to be directly related to the stability of the leaving group anions (OBt , and accordingly related to their pK a values. 39, 40) The pK a values of the additives HOBt 1 and HOAt 2, 1-hydroxypyridin-2(1H)-one 3, and ethyl 2-cyano-2-(hydroxyimino)acetate 4 are 4.60, 3.47, 41, 42) 4.82, 43) and 4.60, 44) respectively. Based on the pK a values of the additives, the sulphonate esters of HOAt are expected to be the most reactive coupling reagents. Ethyl 2-cyano-2-(hydroxyimino)acetate 4 and HOBt 1 sulphonate esters are probably similar in reactivity as coupling reagents. The least reactive coupling reagents should be those containing the 1-hydroxypyridin-2(1H)-one 3 moiety.
The 2-naphthalenesulfonyl esters 5-8 and 4-tosyl esters 9-12 were prepared via the reaction of 2-naphthalenesulfonyl chloride or 4-tosyl chloride with HOBt 1, HOAt 2, 1-hydroxypyridin-2(1H)-one 3, or ethyl 2-cyano-2-(hydroxyimino)acetate 4 in the presence of Et 3 N in anhydrous CH 2 Cl 2 under a nitrogen atmosphere at 0°C (Chart 1). Recrystallization from CH 2 Cl 2 -hexane gave pure reagents as colorless crystals. These reagents are suitable for long-term storage and are stable toward moisture in the air. Elemental analysis and NMR spectroscopy confirmed the structure of compounds 5-12.
These coupling reagents 5-12 were examined in the stepwise coupling of four previously studied model systems, 22) Z-Val-Val-OCH 3 13, Z-Val-Ala-OCH 3 14, Z-Phe-Val-OCH 3 15, and Z-Phe-Ala-OCH 3 16 to test for configurational control. The results of the different coupling reagents are given in Tables 1-4. The extent of racemization during the preparation of the model systems was monitored using proton NMR analysis. The OCH 3 units of esters 13, 14, 15, and 16 (d 3.73, 3.74, 3.68, and 3.70, respectively) were monitored. These correspond to the LL enantiomers. The slightly downshielded peaks in the range of d 3.69-3.87 correspond to the DL enantiomers. The assignment of the peaks was confirmed by the authentic syntheses of the four dipeptide models ( Table  5 ). The coupling efficiency of the different coupling reagents was investigated for models 13-16 at various preactivation times in the presence and absence of an additive. All coupling reactions were performed in the presence of 2 equivalents of N,N-diisopropylethylamine (DIEA) as a base and in N,N-dimethylformamide (DMF) as a solvent.
The preparation of the dipeptide model Z-Val-Val-OCH 3 13 using 3H- [1, 2, 3] triazolo [4,5-b] pyridin-3-yl naphthalene-2-sulfonate (NpsOAt, 6) as a coupling reagent after 2 h preactivation of Z-Val-OH (entry 1, 1 H-NMR spectra was used to determine the DL ratio. The OMe group was observed at the range of 3.74-3.744 ppm for the LL enantiomers and at 3.76-3.79 ppm for the DL enantiomers.
served.
The yield and loss of configuration of the four dipeptide models 13-16 using 1H-benzo[d] [1, 2, 3] triazol-1-yl naphthalene-2-sulfonate (NpsOBt, 5) as a coupling reagent were similarly examined. The preparation of 13 after a preactivation time of 30 min (entry 5, Table 1 ) and 3 min (entry 6, Table 1 ) in the presence of HOBt as an additive gave similar yield percentages and loss of configuration compared with entry 4, Table 1 , after 2 h preactivation time in the absence of the additive. The purity of the dipeptide 13 was 94.64%, which is slightly lower than that of the same dipeptide when using NpsOAt as a coupling reagent. Similar results were obtained when preparing the dipeptide 14, with improvement in the optical purity of the dipeptide at shorter preactivation time and in the presence of an additive (entry 3, Table 2 ). Similarly, the dipeptides 15, and 16 were prepared.
Comparing the coupling reactions when using NpsOAt and NpsOBt as coupling reagents in the preparation of dipeptides 13 and 14, the yield and loss of configuration at different preactivation times, and in the presence or absence of an additive, were similar. When preparing models 15 and 16, in which lower yield percentages compared with the latter models were found, using NpsOBt as a coupling reagent is better than using NpsOAt in terms of yield percentage, as the advantage of NpsOAt is lost during long preactivation times. In addition, the presence of an additive in the reaction medium results in a major improvement in the yield.
1-Hydroxypyridin-2(1H)-one (Py-OH) 3 has a larger pK a value (4.82) than HOBt (4.6) and HOAt (3.47) and accordingly forms less stable anion and its active ester is less reactive. This could be an advantage when using longer preactivation times. That is why it was of interest to use 2-oxopyridin-1(2H)-yl naphthalene-2-sulfonate (NpsOPy, 7) as coupling reagent. The preparation of the dipeptide model 13 using NpsOPy 7 as coupling reagent was performed at different preactivation times and in the presence and absence of PyOH as an additive. It was observed that the longer preactivation time (2 h), (entry 7, Table 1 ), gave the highest yield percentage and optical purity. The purity of the dipeptide was confirmed using HPLC, affording 100% purity. This was further confirmed by preparing the dipeptide 14, which also showed better yield and optical purity after 2 h preactivation in the absence of an additive (entry 4, Table 2 ). The dipeptides 15 and 16 were also prepared using the latter coupling reagent after 2 h preactivation. An improvement in the yield and optical purity of the dipeptides was observed (entry 3, Table 3 ; entry 4, Table 4 ).
The use of ethyl 2-cyano-2-(naphthalen-2-ylsulfonyloxyimino)acetate (NpsOXY, 8) as a coupling reagent showed remarkable results. The coupling reaction for the preparation of the dipeptide model 13 was studied at different preactivation times. With increased preactivation time, the yield of the dipeptide decreased. The color of the preactivated solution at the beginning was yellow. If the reaction mixture is left for longer preactivation times, a change in color was observed, until it became very dark red. The coupling reaction affords a very good yield of the dipeptide 13 with 3 min preactivation in the presence of an additive (entry 11, Table 1 ). Allowing a longer preactivation time resulted in a decrease in the yield (entry 10, Table 1 ). The purity of the dipeptide was further confirmed using HPLC, affording 97.69% purity (Fig. 1) . The dipeptides 14, 15, and 16 were prepared using the coupling reagent 8 after 3 min preactivation in the absence of an additive, giving a very good yield. NpsOXY 8 as a coupling reagent has the advantage over the other sulfonate esters studied of requiring a shorter preactivation time. In addition, all four dipeptide models studied were prepared in excellent yields.
Furthermore, 3H-[1,2,3]triazolo [4,5-b] pyridin-3-yl 4-methylbenzenesulfonate (TsOAt, 10) was used as coupling reagent. The preparation of the dipeptides 13 and 14 after 2 h preactivation in the absence of an additive (entry 12, Table 1; entry  8, Table 2 ), and after 30 min preactivation in the presence of HOAt as an additive (entry 13, Table 1; entry 9, Table 2 ) were studied. The yield and optical purity in both cases were almost identical. During the preparation of the dipeptides 15 (entries 5 and 6, Table 3 ) and 16 (entries 7 and 8, Table 4 ) an improvement in both the yield and optical purity was observed with 30 min preactivation in the presence of an additive.
The preparation of the dipeptides using 1H-benzo coupling reagent after 30 min preactivation in the presence of HOBt as an additive afforded an increase in yield and optical purity compared with the coupling reaction after 2 h preactivation. The purity of the dipeptide 13 prepared under these conditions was further confirmed using HPLC, showing 87.22% purity.
When using the coupling reagent 2-oxopyridin-1(2H)-yl 4-methylbenzenesulfonate (TsOPy, 11) for the synthesis of the four dipeptides 13-16, the following observations were clear. The coupling reactions using the latter coupling reagent require 2 h preactivation to obtain a good yield (entry 16, Table 1; entry 11, Table 2 ; entry 9, Table 3 ; and entry 10, Table 4 ). With only 30 min preactivation in the presence of an additive (PyOH) the yield is decreased, while the optical purity was improved (entry 17, Table 1; entry 12, Table 2 ; and entry 11, Table 4 ). Trying to improve the yield of the dipeptide 14 by allowing 2 h preactivation in the presence of an additive (entry 13, Table 2 ) afforded a yield similar to that obtained after 30 min preactivation, accompanied by a decrease in the optical purity (entry 12, Table 2 ). The purity of the dipeptide 13 prepared in this case was further confirmed using HPLC, showing 84.46% purity.
Generally it was also noticed that the coupling reactions using NpsOPy as coupling reagent gave higher yield, better optical purity, and higher purity of the dipeptides than when using its tosylate analogue TsOPy.
Finally, using ethyl 2-cyano-2-(tosyloxyimino)acetate (TsOXY, 12) as a coupling reagent for the synthesis of the dipeptide 14 after 30 min preactivation in the absence of an additive afforded very low yield (entry 14, Table 2 ), while preparing the dipeptide under the same conditions after 3 min preactivation afforded a much better yield (91.6%), (entry 15, Table 2 ). The dipeptide 13 was prepared under the same conditions in the presence of the additive (ethyl 2-cyano-2-(hydroxyimino)acetate (HOXY)) affording good yield (entry 19, Table 1 ). Generally, better results were obtained with only 3 min preactivation in the presence or absence of an additive. The yield in all cases was greater than 90% and very low racemization was observed (entry 19, Table 1; entry 15,  Table 2 ; entry 10, Table 3 ; entry 12, Table 4 ). The purity of the dipeptide 13 prepared in this case was further confirmed using HPLC, showing 97.07% purity.
The sulfonate ester coupling reagents are stable solids. Their stability was tested in DMF solution in an open vial exposed to the atmosphere. The stability of the reagents was examined with TLC (eluent, ethylacetate : hexane, 1 : 1) after 5, 24, and 48 h. No significant change was observed, which confirms the stability of the reagents in DMF solution, a solvent commonly used for peptide synthesis.
Conclusion
NpsOXY and TsOXY were investigated as new coupling reagents. The coupling reactions were tested in the presence or in absence of oxyma as an additive. They showed clear superiority to their HOBt and HOAt analogues in terms of suppression of racemization and coupling efficiency in all four models prepared. They also had the advantage of requiring a short preactivation time. The oxyma sulfonate ester coupling reagents are more efficient alternatives to the benzotriazole sulfonate esters in terms of racemization suppression and coupling effectiveness. Both oxyma and its related sulfonate esters can be handled with a considerably lower risk than the explosive benzotriazole and its derivatives. NpsOPy and TsOPy sulfonate esters derived from 1-hydroxypyridin-2(1H)-one were also successfully used as new coupling reagents requiring longer preactivation time during the coupling process. The use of 1-hydroxypyridin-2(1H)-one as an additive during the coupling process helped to decrease the preactivation time. This was also accompanied by suppression of racemization and a decrease in yield. Generally, the naphthyl-derived coupling reagents are superior to the tosyl ones. In addition, using NpsOBt as a coupling reagent is advantageous over NpsOAt in terms of yield, as the advantage of NpsOAt is lost during long preactivation times. The presence of an additive in the reaction medium results in a marked improvement in yield and optical purity. Testing the stability of the sulfonate ester coupling reagents confirmed their stability in air.
Experimental
Oxyma (ethyl 2-cyano-2-(hydroxyimino)acetate) and pyridone (1-hydroxypyridin-2(1H)-one) were obtained from commercial sources (Aldrich). DMF was of peptide-grade purity. All peptides were identified with 1 H-NMR. The purity of the dipeptides was confirmed by HPLC analysis of crude samples. Conditions: a Sunfire C 18 60-Å column (4.6ϫ100 mm, 4 mm); linear gradient over 25 min of 10 to 90% CH 3 CN in H 2 O/0.1% TFA; and flow rate 1.0 ml/min. TLC was performed on silica gel-protected aluminum sheets (type 60 GF254, Merck), and the spots were detected by exposure to a UV lamp at l 254 nm for a few seconds. Melting points were obtained in open capillary tubes using a Mel-Temp apparatus and were uncorrected. Infrared Vol. 58, No. 4 (IR) spectra were recorded on a Perkin-Elmer 1600 series Fourier transform instrument as KBr pellets. NMR spectra were recorded on a 500 MHz JEOL and on a 400 MHz Varian mercury spectrometer at room temperature. Tetramethylsilane (TMS) was used as a reference for all NMR spectra, with chemical shifts reported as d units (parts per million, ppm) relative to TMS. Elemental analyses were performed on a Perkin-Elmer 2400 elemental analyzer, and the values found were within Ϯ0.3% of the theoretical values. The compounds were illustrated using Chem Draw Ultra version 11, Cambridge Soft Corporation.
General Method for the Synthesis of Sulfonate Esters (5-12) To a suspension of 5 mmol of HOBt, HOAt, 1-hydroxypyridin-2(1H)-one, or ethyl 2-cyano-2-(hydroxyimino)acetate in 30 ml of anhydrous CH 2 Cl 2 was added 0.71 ml (5 mmol) of triethylamine with magnetic stirring. The resulting clear yellow solution was cooled in an ice bath under an atmosphere of N 2 and treated slowly with 1 eq of 4-tosyl chloride or 2-naphthalenesulfonyl chloride. The reaction mixture was stirred at 0°C for 30 min and then at room temperature for 2 h. After dilution with 30 ml of CH 2 Cl 2 , the organic phase was washed with water and saturated aqueous NaCl (30 ml) and dried over Na 2 SO 4 anhydrous. After removal of the solvent with a rotary evaporator, the residue was recrystallized from CH 2 Cl 2 /hexane to give the sulfonate esters.
1H General Method for the Synthesis of Dipeptides To a solution of 0.1 mmol of Z-Val-OH or Z-Phe-OH and 0.2 mmol of DIEA in 2 ml of DMF was added 0.1 mmol of the appropriate coupling reagent. The reaction mixture was stirred for preactivation at different times depending on the conditions of the entry studied, followed by the addition of a solution of 0.1 mmol of Val-OMe · HCl or Ala-OMe · HCl and 0.1 mmol of DIEA in 1 ml of DMF. The reaction mixture was stirred overnight. After dilution with 50 ml of ethyl acetate, the organic phase was washed with 5% citric acid (3ϫ20 ml), saturated NaHCO 3 (3ϫ20 ml) and saturated NaCl (3ϫ20 ml) and dried over Na 2 SO 4 anhydrous. After removal of the solvent with a rotary evaporator, the residue was recrystallized from CH 2 Cl 2 /hexane to give the dipeptide (Table 5 ). 
